Immunohistochemical methods for the determination of tubulin, creatine kinase BB-isoenzyme, and astroprotein-glial fibriUary acidic protein were used to investigate recovery of the ischemic lesion after temporary occlusion of a common carotid artery in the gerbil and the evolution of the postischemic lesion following reperfusion. One group of gerbils was followed from 15 minutes to one month after an ischemic period of 30 minutes, and another group was examined after 7 days following an ischemic period of 5 to 30 minutes. It was found that the postischemic lesion, visualized as loss of the immunohistochemical reaction for tubulin and creatine kinase BB-isoenzyme, evolved within 60 minutes after reperfusion in the hippocampus and cerebral cortex and within 3 hours in the caudoputamen and thalamus. Resolution of the preexisting ischemic lesion was possible only after an ischemic period of less than 10 minutes in the cerebral cortex and caudoputamen and less than 15 minutes in the thalamus. In the CA 1-CA2 region of the hippocampus, the ischemic lesion already existed after an ischemic period of 5 minutes and was mostly irreversible. The immunohistochemical method of testing for different cellular and subcellular components was very useful for investigation of cerebral ischemia and may also be advantageous for investigation of other pathophysiological conditions of the nervous system. KEY WORDS 9 immunohistochemistry 9 cerebral ischemia -postischemic lesion 9 gerbil I N our previous study, we observed rapid disappearance of the immunohistochemical reaction for tubulin and creatine kinase BB-isoenzyme (CK-BB) from the vulnerable area of the gerbil brain as early as 5 minutes after occlusion of a common carotid artery. ~9 However, it is unknown whether the observed phenomenon is reversible after reestablishment of the cerebral circulation, whether it is already irreversible once it evolves, or whether it expands further during the postischemic period. Since this knowledge is very important for understanding the pathophysiological mechanism of irreversible ischemic damage, we have evaluated the reversibility and the possibility of further expansion of the ischemic lesion by monitoring the gerbils after various ischemic periods up to 30 minutes and a postischemic period of 7 days, and after an ischemic period of 30 minutes and various postischemic periods up to l month. In addition to the immunohistochemical reaction for tubulin and CK-BB to follow the neuronal structure, we used the method for astroprotein-glial fibrillary acidic protein (AP), an astrocytespecific protein, to monitor the astrocytic reaction. A part of the present investigation has been reported elsewhere in abstract form. 22
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Materials and Methods
Mongolian gerbils (each 60 gm in body weight) were used for the present study. Under general anesthesia with ether, the fight common carotid artery was occluded in the neck with a miniature Mayfield aneurysmal clip. 10,~7 The early manifestation of cerebral ischemia was identified by torsion of the neck and circling, ~7 and only the gerbils with typical manifestation were selected. After a predetermined ischemic period, the clip was removed from the common carotid artery and patency of the artery was ascertained by visual inspection of reflow of the blood. At least four symptomatic gerbils were used for each study time interval.
After a predetermined postischemic recirculation period, each gerbil was anesthetized with ether and decapitated. The brain was removed and cut in coronal sections. Each tissue block was then fixed in ethanol 20 75 100 100 100 100 100 100  CA1-CA2  TB 100 100 100 100 100 100 100 100  CK 100 100 100 100 100 100 100 100  AP  0  0  0  0 75 100 100 100  hippocampus:  HE  0 75 80 75 100 I00 100 100  CA3  TB  80 75 80 75 100 100 80 75 100 100 100 100 TB 100 100 100 100 100 100 100 100 CK 100 I00 100 100 100 60 60 50 AP  0  0  0  0 25 100 100 100  thalamus  HE  60 75 60 75 50 40 40 25  TB  80 100 60 75 75 60 60 50  CK  60 100 60 75 75 40 40 25  AP  0  0  0  0  0 80 60 75  caudoputamen  HE  0 50 60 75 75 80 80 100  TB  20 50 60 75 75 80 80 100  CK  0 50 20 75 75 80 80 100  AP  0  0  0  0  0 100 100 100 * The results are expressed as percent of abnormal findings for each recirculation period based on the number of animals.
t HE = hematoxylin and eosin staining; TB, CK, and AP = immunohistochemical reaction for tubulin, creatine kinase BB-isoenzyme, and astroprotein, respectively. containing 5% acetic acid at 4~ 2~ The immunohistochemical procedure for light microscopic examination was carried out with paraffin-embedded tissue sections, using a peroxidase-antiperoxidase method. 2~ The antiserum for tubulin from gerbil brain was raised in a goat. 2~ The antiserum for human CK-BB was raised in a rabbit 2~ and has been used for radioimmunoassay with cerebrospinal fluid (CSF) 13 and serum. ~4 The antiserum for AP was raised in a rabbit and has been used for radioimmunoassay with CSF 5 and for immunohistochemistry. 2' For each specimen, the control section was reacted with the specific antiserum absorbed with the corresponding specific protein or non-immunized serum. Cell nuclei were visualized by counterstaining with Harris' hematoxylin. An adjacent section was stained with hematoxylin and eosin (H & E) for comparison.
Results
Immunohistochemical reaction patterns of the neuronal structure, including the perikarya and dendrites, and of astrocytes in the normal gerbil brain have been reported previously. 2~
30-Minute Ischemic Period
The frequency of immunohistochemical abnormalities in various anatomical regions during various postischemic periods after ischemia for 30 minutes is shown in Table 1 . After ischemia for 30 minutes without recirculation, the ischemic area was already clearly delineated in the subiculum-CA2 region of the hippocampus in all gerbils as loss of the immunohistochemical reaction for tubulin ( Fig. 1) and CK-BB in the apical and basal dendrites and pyramidal cell bodies. A laminar loss of the reaction for tubulin and CK-BB in the neuropil, nerve cell bodies, and dendrites was also seen in layer III and/or IV of the cerebral cortex in all gerbils (Fig. 2) . Small areas with loss of those reactions in the neuropil and nerve cell bodies were seen in the ventral nucleus of the thalamus in 80% of gerbils. A similar lesion was seen in only 20% of gerbils in the caudoputamen. After recirculation for 15 minutes, there was no change in the immunohistochemical reaction patterns. After recirculation for 30 minutes, the above lesions in the hippocampus and cerebral cortex expanded slightly with further loss of the immunohistochemical reaction. A few neurons in the CA4 region also lost the reaction for tubulin in 75% of gerbils. The lesions in the ventral nucleus of the thalamus became more distinct. An area in the superior lateral section of the caudoputamen lost the immunohistochemical reaction in the neuropil and nerve cell bodies in 50% of gerbils, but the reaction in the traversing axonal bundles was well preserved.
During the postischemic periods lasting from 30 to 60 minutes, the immunohistochemical lesions in the hippocampus and cerebral cortex slightly expanded in size, and perineuronal spaces became more notable in the same areas as the H & E staining. Expansion of the immunohistochemical lesions and perineuronal spaces also continued in the thalamus and caudoputamen during this time. After recirculation for 3 hours, no further change was observed in the hippocampus and cerebral cortex, but the immunohistochemical lesions in the thalamus and caudoputamen became more distinct. In addition to enlarged perineuronal spaces, the H & E staining began to show pyknotic nuclei and microvacuolation of the neuropil within the areas with loss of the immunohistochemical reaction. After recirculation for 6 hours, no further change was observed in the immunohistochemical reaction. With H & E staining, neurons with pyknotic nuclei and eosinophilic cytoplasm became more numerous in the CA1-CA2 region of the hippocampus, cerebral cortex, thalamus, and caudoputamen. Discrete intracyl, oplasmic eosinophilic inclusion bodies became visible in the neurons in the CA3 region of the hippocampus in 50% of gerbils. Double staining with the reaction for tubulin and H & E revealed those neurons to have a markedly reduced or no reaction for tubulin (Fig. 3) . No notable FIG. 1. Immunohistochemical reaction for tubulin (A and C) and for astroprotein-glial fibrillary acidic protein (GFAP) (B and D) in the CA1 region of the hippocampus after an ischemic period of 30 minutes without reperfusion (A and B) and after reperfusion for 2 weeks following an ischemic period of 30 minutes (C and D). Cell nuclei were visualized with Harris' hematoxylin, x 100. Note patchy loss of the reaction for tubulin after ischemia for 30 minutes (A) and widespread loss of the same reaction after reperfusion for 2 weeks but with dark surviving neurons (C). No abnormality was found with the reaction for astroprotein-GFAP after ischemia for 30 minutes (B), but there were many reactive astrocytes, particularly along the stratum pyramidale after reperfusion for 2 weeks (D). change was observed in astrocytes up to this period with the reaction for AP except for a slight increase of the peroxidase reaction in the stratum moleculare in the CA1 region of the hippocampus in 50% of gerbils.
After recirculation for 24 hours, astrocytes in the stratum moleculare in the CA1-CA2 region of the hippocampus showed darker reaction for AP in 75% of gerbils and in the laminar zone which lost the reaction for tubulin and CK-BB in the cerebral cortex in 25% of gerbils. The H & E staining revealed neurons with pyknotic nuclei and diffusely eosinophilic cytoplasm within the area with loss of the immunohistochemical reaction in the CA1, CA2, and CA4 regions of the hippocampus, layer III and/or IV, and the area below layer V of the cerebral cortex, the thalamus, and the caudoputamen. The neurons with intracytoplasmic eosinophilic inclusion were still visible in the CA3 region in all gerbils, but their cytoplasm tended to be more diffusely eosinophilic. Double staining with the reaction for tubulin and H & E showed markedly reduced or no reaction for tubulin in those neurons (Fig. 3) . After recirculation for 2 days, discrete intracytoplasmic inclusion was no longer visible in the CA3 region. Instead, many neurons had diffusely eosinophilic cytoplasm. Astrocytes were more reactive in the area which lost the reaction for tubulin and CK-BB in the stratum moleculare and radiatum of the hippocampus, cerebral cortex, thalamus, and caudoputamen. After recirculation for 3 days, the eosinophilic neurons in the CA3 region showed irregular contours suggesting a degradative process (Fig. 3) . Reactive astrocytes with dark reaction for AP existed in virtually all gerbils and in all regions, including the CA3 region of the hippocampus. The dentate gyrus of the hippocampus had mildly reactive astrocytes which were scattered only sparsely. Some remaining neurons and dendrites within the area which lost the reaction for tubulin and CK-BB had intense reaction for tubulin and CK-BB (Fig. 1) . Double staining with the reaction for tubulin and H & E revealed intact cell nuclei and lack of intensely eosinophilic cytoplasm in those neurons, suggesting that they were surviving neurons instead of degenerating ones. After recirculation for 1 week, the eosinophilic neurons in the CA3 region and other areas further degraded, with less distinct cellular boundaries. Neurons with intense reaction for tubulin and CKoBB persisted as described previously (Fig. l) . Astrocytes were more reactive with dark staining for AP, and filled the stratum pyramidale of the hippocampus in 80% of gerbils (Fig.  l) . Reactive astrocytes were also visualized with the reaction for CK-BB in the hippocampus. Astrocytes also filled the laminar zone with loss of the reaction for tubulin and CK-BB in the cerebral cortex (Fig. 2) , and surrounded the areas which lost the reaction for tubulin and CK-BB in the thalamus and caudoputamen. After recirculation for 2 weeks, the eosinophilic neurons further faded or disappeared in some areas. Reactive astrocytes had intense reaction (Fig. l) . After recirculation for l month, the neurons with eosinophilic cytoplasm faded in the CA 1-CA3 region of the hippocampus and in the laminar zone in the cerebral cortex, where reactive astrocytes filled the areas with loss of the reaction for tubulin and CK-BB.
Various Ischemic Periods and 7-Day Recirculation
The frequency of immunohistochemical abnormalities in various anatomical regions after recirculation for 7 days is shown in Table 2 . After ischemia for 5 minutes, 60% of gerbils showed the lesion in the CA 1-CA3 region of the hippocampus, which were detected by loss of the reaction for tubulin and CK-BB of the apical dendrites and pyramidal cell bodies and by degradation of the pyramidal cell bodies as visualized with H & E staining. Reactive astrocytes testing positive for AP were densely apparent at the CA1-CA2 region in 80% of gerbils. While no lesion was found in the cerebral cortex, thalamus, or caudoputamen with reaction for tubulin or CK-BB, or with H & E staining, reactive astrocytes with intense reaction for AP were observed in 70% of gerbils in layer III or IV of the cerebral cortex and in 40% of gerbils in the thalamus and caudoputamen. After ischemia for 10 minutes, 86% of gerbils showed the area which lost the reaction for tubulin and CK-BB in the CA I-CA2 region of the hippocampus and cerebral cortex, while the lesions existed in 57 and 43% of gerbils in the caudoputamen and thalamus, respectively. The H & E staining revealed degraded eosinophilic neurons in the same areas. The lesion in the thalamus was not well delineated with the reaction for CK-BB or H & E staining at this time. Reactive astrocytes were densely populated in the CA 1-CA2 region of the hippocampus and cerebral cortex in all gerbils and in the thalamus and caudoputamen in 57% of gerbils.
After ischemia for 15 minutes, lesions with loss of immunohistochemical reaction were present in the hippocampus, cerebral cortex, and c a u d o p u t a m e n in all gerbils and in the thalamus in 67% of the gerbils. Degraded eosinophilic neurons were present in the same areas, and reactive astrocytes were also densely populated in all those areas.
The immunohistochemical lesions and the cellular reactions were slightly more extensive after ischemia for 30 minutes as compared to those after ischemia for 15 minutes. Loss of the reaction for tubulin and CK-BB in the hippocampus after ischemia for 10 minutes was similar to that seen after ischemia for 15 minutes, but it was slightly less in the cerebral cortex and caud o p u t a m e n and definitely less in the thalamus after ischemia for 10 minutes as compared to ischemia for 15 minutes. Loss of the immunohistochemical reaction in the CA1-CA3 region of the hippocampus was less extensive after ischemia for 5 minutes than that after ischemia for 10 minutes. The degree of astrocytic re- action after ischemia for 5 minutes was also milder than that seen after ischemia for 10 minutes.
Discussion
The first part of the present investigation demonstrated progression of the immunohistochemical lesions after reestablishment of cerebral circulation following ischemia for 30 minutes, and also demonstrated absence of any sign of recovery in the neuronal structure during the subsequent month. It should be noted, however, that further expansion of the preexisting immunohistochemical lesions or evolution of new lesions was self-limited, and ceased within 30 to 60 minutes in the hippocampus and cerebral cortex. Biochemically, this is the time period when the energy state has insufficient recovery with elevated tissue lactate level, 9' ~ prostaglandins, 4 and lipid peroxidation products. 15 In our laboratory, we have also observed transient influx of calcium ions ~8 and disaggregation of polyribosomes ~~ during this period. The postischemic expansion of the ischemic lesions is likely caused by one or more of those factors. In this experimental model, the regional cerebral blood flow may be reduced to less than 10 ml/100 gm/min in the hippocampus and cerebral cortex. ~2 However, a considerable part of the cerebral cortex and hippocampus survived without morphological damage after ischemia for 30 minutes, which is also a clinically reversible state. ~~ The reduction of the regional blood flow is less drastic in the diencephalon, ~2 and the ischemic and postischemic lesions were less frequent in the thalamus as compared to the hippocampus and cerebral cortex. The caudoputamen was tolerant of ischemia for 30 minutes but developed extensive postischemic lesions. The cause of the disappearance of the immunohistochemical reaction during the ischemic and postischemic period is uncertain. As an explanation for the reaction for tubulin, disaggregation of microtubules induced by calcium ions 3'~6 is an attractive possibility since influx of calcium ions does occur after recirculation. ~8 Loss of the reaction for CK-BB could be due to leakage from the damaged neural structure.
The second part of the present investigation indicated t HE = hematoxylin and eosin staining; TB, CK, and AP = immunohistochemical reaction for tubulin, creatine kinase BB-isoenzyme, and astroprotein, respectively. that the recovery of the reaction for tubulin in the ischemic or postischemic lesions in the hippocampus and cerebral cortex was possible only after a brief ischemic period, since essentially the same number and size of lesions were observed with the reaction for tubulin and AP (Table 2 ) beyond the ischemic period of 10 minutes, and all gerbils had lesions. On the other hand, the thalamus and caudoputamen were still devoid of the immunohistochemical lesions in about 40% of gerbils after an ischemic period of 10 minutes, and the thalamus escaped the irreversible lesions in some gerbils even beyond an ischemic period of 10 minutes. This could be a reflection of the difference in tissue vulnerability but could also be due to the difference in the residual blood flow to those regions. ~2
It is of interest that, after ischemia for 5 minutes, clusters of reactive astrocytes were observed in the cerebral cortex, thalamus, and caudoputamen without loss of the reaction for tubulin (Table 2 ). Since our previous study 19 showed no immunohistochemical lesion in these regions after ischemia for 5 minutes without recirculation, the findings strongly suggested evolution of a reversible immunohistochemical lesion soon after reestablishment of the cerebral circulation. If the same process existed in the CA1-CA3 region of the hippocampus, it would have been after a shorter ischemic period, which is difficult to assess with the experimental model used here.
Tissue staining with H & E has long been used for detection of irreversible tissue damage. However, the present investigation demonstrated that this conventional staining method is inadequate for detection of postischemic lesions in evolution soon after reestablishment of cerebral circulation or for detection of subtle evidence of the tissue insult, as revealed by the reaction for AP after an ischemic period of 5 minutes. The present investigation also demonstrated the advantage of the immunohistochemical method for visualization of dendritic processes and astrocytic processes. In the CA I region of the hippocampus, delayed neuronal death has been observed after a brief bilateral cerebral ischemia in gerbils. 7"8 In the present investigation, H & E staining also revealed a delayed degradation process of the nerve cell bodies, not only in the hippocampus but also in the cerebral cortex. However, irreversible loss of the immunohistochemical reaction in the nerve cell bodies and dendrites existed before we could detect the degradation change with H & E staining. In the CA3 region of the hippocampus, the eosinophilic intracytoplasmic inclusion bodies became visible in the nerve cell bodies several hours after reestablishment of the cerebral circulation. 6 Electron microscopically, the inclusion bodies consist of aggregated mitochondria, lysosomes, and vesicles, j'2 and the process is believed to be reversible. ~.2 The present investigation, however, revealed marked reduction or loss of the reaction for tubulin in those nerve cell bodies (Fig. 3) and revealed gradual disintegration of the neurons with eosinophilic cytoplasm in the subsequent postischemic period where no recovery of the reaction for tubulin was observed. The findings suggested that the eosinophilic inclusion bodies were, at least in some neurons, an early manifestation of the ischemic disintegration process.
The present investigation demonstrated the advantage of the immunohistochemical method in delineating the recovery process and further expansion of the ischemic lesions during the postischemic period. The immunohistochemical method with various biochemical markers for different cellular and subcellular components appears to be very useful for investigation of various pathophysiological conditions of the nervous system.
